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I. INTRODUCTION
It is generally believed that only massive fermions have Bohmian trajectories but bosons do not. This is usually
attributed to the impossibility of constructing a relativistic quantum mechanics of bosons with a conserved four-
vector probability current density with a positive denite time component. However, it has now been shown [1] that
a consistent relativistic quantum mechanics of spin 0 and spin 1 bosons can be developed using the Kemmer equation
[2]
( i hµ @µ +m0 c ) = 0 (1)
where the matrices  satisfy the algebra
µ ν λ + λ ν  = µ gνλ + λ gνµ : (2)
The 5 5 dimensional representation of these matrices describes spin 0 bosons and the 10 10 dimensional represen-
tation describes spin 1 bosons. The fact that a conserved four-vector current with a positive denite time component





= [−i h c ~i @i −m0 c2 0 ] (3)
where ~i  0 i − i 0. Multiplying (1) by 1− 20 , one obtains the rst class constraint
i hi 20 @i  = −m0 c ( 1− 20 ) : (4)
It implies the four conditions ~A = ~r ~B and ~r: ~E = 0 in the spin-1 case. The reader is referred to Ref. [1] for further
discussions regarding the signicance of this constraint.
If one multiplies equation (3) by  y from the left, its hermitian conjugate by  from the right and adds the resultant
equations, one obtains the continuity equation
@ ( y  )
@t
+ @i  y ~i  = 0 : (5)
This can be written in the form
@µ µ0 = 0 (6)
where µν is the symmetric energy-momentum tensor with 00 = −m0 c2  y  < 0. Thus, it is possible to dene a
wave function  =
√
m0 c2=E  (with E = −
∫
00 dV ) such that y  is non-negative and normalized and can be
interpreted as a probability density. The conserved probability current density is sµ = −µ0=E = (y ;−y ~i )
[1].
Notice that according to the equation of motion (3), the velocity operator for massive bosons is c ~i, so that the











 y ~i  
 y  
: (7)
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Integrating this, one obtains a system of Bohmian trajectories xi(t) corresponding to dierent initial positions of the
particle. In Bohmian mechanics one assumes that the initial distribution of the positions is given by j (0)j2. The
continuity equation (5) then guarantees that the distribution will agree with quantum mechanics at all future times.
The (Gibbs) ensemble averages of all dynamical variables in Bohmian mechanics will therefore always agree with the
expectation values of the corresponding hemitian operators in quantum mechanics.
The theory of massless spin 0 and spin 1 bosons cannot be obtained simply by taking the limit m0 going to zero.
One has to start with the equation [3]
i hµ@µ  +m0 cΓ = 0 (8)
where Γ is a matrix that satises the following conditions:
Γ2 = Γ (9)
Γ µ + µ Γ = µ : (10)
Multiplying (8) from the left by 1− Γ, one obtains
µ @
µ ( Γ ) = 0 : (11)
Multiplying (8) from the left by @λ λ ν , one also obtains
@λ λ ν ( Γ ) = @ν ( Γ ) : (12)
It follows from (11) and (12) that
2 ( Γ ) = 0 (13)
which shows that Γ describes massless bosons. The Schro¨dinger form of the equation
i h
@ ( Γ )
dt
= −i h c~i @i (Γ ) (14)
and the associated rst class constraint
i hi 20 @i  +m0 c ( 1− 20 ) Γ = 0 (15)
follow by multiplying (8) by 0 and 1 − 20 respectively. Equation (14) implies the Maxwell equations curl~E =
−(=c)@t ~H and curl ~H = (=c)@t ~E if
Γ T = (1=
√
m0c2)(−Dx;−Dy;−Dz; Bx; By; Bz; 0; 0; 0; 0) (16)




 (µν + νµ − gµν)Γ (17)
and so the energy density
E = −00 = m0c
2
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 y Γ =
1
2
[ ~E: ~E + ~B: ~B] (18)
is positive denite. The rest of the arguments are analogous to the massive case.
The Bohmian 3-velocity vi for massless bosons can be dened by
vi = c
 T Γ~iΓ 
 T Γ 
(19)
Integrating this equation with dierent initial positions, one gets a system of Bohmian trajectories for the photon.
Neutral massless vector bosons are very special in quantum mechanics. Their wave function is real, and so their
charge current jµ = T µ  vanishes. However, their probability current density sµ does not vanish. Furthermore, si
turns out to be proportional to the Poynting vector, as it should.
In this paper we compute Bohmian trajectories for photons for certain simple but interesting cases. In Section II
we study the trajectories in Young’s double-slit experiment. In section III, we compute the trajectories corresponding
to the joint detection probability of two down-converted photons passing through a double-slit. In Section IV we plot
the Bohmian trajectories for reflection and refraction through a glass slab.
2
II. SINGLE PHOTON DOUBLE-SLIT INTERFERENCE
Let us now consider the specic case of double-slit interference of single photons. If the slits A and B have a non-
zero width d signicantly larger than the de Broglie wavelength of the particles (d >> ), the slits will convert plane
incident waves into plane diracted waves suciently far from them (the case of Fraunhoer diraction). One can
see this by carrying out the necessary approximations [4] on the single-particle spherical wave at a point P , arriving
from a point within a slit at a distance x =  from the origin, and integrating over the slit [5]. The wave function
at a point (x; y) at a sucient distance D >> d2= to the right of the plane of the slits is given by












































where A and B are the angles of diraction from slits A and B respectively.













−g2Asin(A) + g2Bsin(B) + gAgBcos[k(rA − rB)](sin(B)− sin(A))
)
(24)
with  y given by












cos[k(rA − rB)] (25)
The Bohmian trajectories for photons can now be plotted for dierent initial positions along the slits using the
above expressions for the velocity. We have taken a gaussian distribution of the initial positions for both the slits.
(See Figure 1). The trajectories clearly correspond to the probability density obtained from standard quantum theory
at any line parallel to the line joining the slits (y-axis). The trajectories are similar to the trajectories of massive
particles [6].
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FIG. 1. Bohmian trajectories of photons for self interference through a pair of identical slits.
III. JOINT DETECTION PROBABILITY OF A PAIR OF DOWN CONVERTED PHOTONS
Let us now consider an experiment in which a pair of down converted photons is made two pass through two
identical slits. The joint detection probability is measured by a pair of detectors kept far away from the slits. We will
compute the Bohmian trajectories for this case in the limit of Fraunhoer diraction. The two-particle wave function
(in the Fraunhoer limit) is given by





MA1MB2exp(−ika(y1 − y2)=D) +MA2MB1exp(ika(y1 − y2)=D)
)
(26)
After substituting the expressions for the Kemmer-Dun matrix elements and the diraction factors, we obtain the






































v2y = −v1y (30)
The Bohmian trajectories are plotted in Figure 2. It can be checked that they agree with the joint detection
probability amplitude obtained on a plane parallel to the plane of the slits. Again, they are similar to the trajectories
one obtains for the symmetrized wave function of two massive particles [6]. Note that the trajectories are symmetric
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FIG. 2. Bohmian trajectories for a pair of photons passing through two identical slits.
IV. REFLECTION AND REFRACTION THROUGH A GLASS SLAB
Finally, let us consider the example of refraction of light through a glass slab. We consider both the air-glass
interfaces separately and combine the solutions. To obtain the solution of the Kemmer-Dun equation in this case,
we must rst solve Maxwell’s equations for this case. Let the electric eld be polarized along the y direction and let
the wave propagate along the x direction. The air-glass interface is taken at x = 0. Let the initial state of the electric






Ey = 0Ez = 0 (31)
























; x  0

 (32)




























; x  0

 (33)

























































Similarly, the solutions for the electric and magnetic elds, and the corresponding expressions for Bohmian velocity
can be obtained for reflection and refraction at the next glass-air interface. These two sets of solutions are combined
to obtain the trajectories for photons reflected and transmitted through the glass slab. The trjectories for a particular
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FIG. 3. Bohmian trajectories for photons passing through a glass slab. Reflection and refraction are seen at both the air-glass
interfaces.
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